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߬ = frictional stresses 
ߪ௡ = normal stresses 
ߤ = coefficient of friction  
ߪ = material flow stress 
hf = Burr height  
rε = corner radius  
re = cutting edge radius  
fz = feed rate   
 
 
1. Introduction  
 
Micro milling operations are an efficient method for producing miniaturized components with 3D shapes in a flexible and cost efficient way 
[1]. Due to the small machining scale, the experimental investigations can become challenging and many problems usually considered negligible 
in macro scale machining can a major role in micro milling. In micro machining process size effect and minimum chip thickness phenomenon 
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Micro milling process has been utilized for several decades due to the flexibility of the process in producing complex 
components. The small size of the process makes the comprehension of cutting phenomenon details more difficult. This study 
presents a 3D finite element modeling (3D FEM) approach for the micro end-milling process of Aluminum material (Al6082-
T6). 3D FEM simulations are carried out in full slot micro end-milling and contour up milling. The model first implements the 
actual tool geometry and then the effect of typical built-up edge (BUE) on the milling tool. The influence of BUE on the process 
performance is investigated by comparing the predicted 3d chip flow shape, burr formation and cutting forces with experiments 
conducted on an ultra-high precision micro milling center. Simulations indicate that BUE has significant impact on the chip 
shape and chip load for different teeth engagements. Results prove that also burr height is negatively affected by the presence 
of BUE. The predicted micro milling cutting forces resulted affected by BUE with different teeth engagements. Analysis of 
experimental measured forces indicates comparable results in respect to simulated profiles confirming the usefulness of the 






play a dominant role in determining machining performance [2]. The bulk of chip formed in the cutting edge area is named as built-up edge (BUE) 
and these adhered materials on the tool face have a large influence on the machining process [3]. Formation of BUE may cause variation of cutting 
force, induce a shorter edge life, and lead to poor surface quality generation, due to the deteriorating effects of the torn material particles left on the 
chip [4]. A study on orthogonal cutting indicated that BUE affects chip formation and cutting ratio for different cutting conditions [5]. Another 
undesirable phenomenon in machining consists in burr formation, which comes from the projection of the material as a result of plastic flow from 
cutting and shearing operation [6]. Burr formation affects the final product and causes some critical problems such as surface finishing deterioration, 
reduced dimensional accuracy, prevent easy parts assembly and reducing part durability [7][8]. In micro machining burr reduction methods mainly 
consists in applying different machining strategies because many deburring methods, utilized in macro scale machining cannot be applied at the 
micro scale [9].  
The micro burr formation was investigated in the past decades by exploiting mainly experimental, analytical and numerical methods. In 
particular, different studies classified burrs formation according to its location in milling process i.e. entrance burr, exit burr, side burr, top burr and 
bottom burr [8] [10]. Biermann and Steiner [11] investigated burr formation in micro milling of austenitic stainless steel with different cutting 
conditions, tool type and lubrication methods in order to consider dissimilar variables on the top burr formation. 
Micro machining simulations have become a powerful method to predict cutting information prior to machining [12]. It rapidly expanded 
within last decades due to its benefits and the development of powerful computers. The finite element technique demonstrates to produce detailed 
information on the cutting process phenomena [13] [14]. Finite element analyses can provide information on the metal cutting process that is 
impossible or difficult to obtain with experimental or analytical methods. 
Several studies performed numerical simulation to investigate the effects of burr formation in normal cutting conditions. Park and Dornfeld 
developed 2D finite element models to study influence of various process parameters for better understanding the burr formation mechanism [15]. 
The same authors studied the exit burr formation of various workpiece exit edge angles from 60° to 120° for the case of orthogonal cutting. It is 
observed that the use of larger tool rake angles can also reduce the burrs [16]. In another study 2D FE model of orthogonal metal cutting was 
developed to investigate quantitative analysis of burr or breakout formation on the exit burr [17]. 
The 3D FEM simulations present supplementary analysis capabilities to investigate the effect of helix angle and tool edge radius, on chip flow 
and burr formation, which cannot be investigated by 2D FEM [18]. However, very few researches investigated micro milling by means of 3D FE 
simulations making use of its distinct advantages. Yang et al. [19] established 3D FEM in micro end-milling of Al2024-T6 to predict the effect of 
various tool edge radiuses and tool tip breakage on the burr formation. Significant effect of the tool edge radius on the top burr formation was 
observed. Another study focused on the burr formation prediction capability of 3D FEM in micro ball milling of Ti-6Al-4V alloy [20] in which the 
correlation between cutting parameters and top burr size was investigated. In a recent study, 3D FEM simulations were used to predict chip flow 
and shape during Ti-6Al-4V alloy micro end-milling. The FEM considered the wear along the micro tool by investigating the influence of the 
cutting edge roundness increment on the machining process performance without considering the burr formation [21]. 
Most of the previous studies in scientific literatures deal with the effect of cutting parameters on the different types of chip flow and burrs 
generation in ideal tool conditions. Some papers have investigated 2D FEM that deals with burr formation [15] [16] [17] and even less publications 
on 3D FEM [19] [20] that directly address and explain the specific cutting problems such as (BUE) influence on the cutting process. 
In the present study, 3D FE simulations of micro end-milling is carried out on Aluminum Al6082-T6, by considering the exact tool geometry 
to investigate the burr formation capability of the model in different cutting conditions. The 3D FE model first implemented with the actual tool 
geometry CAD model and then with the CAD model of the tool affected by built up material, attached to the tool from the workpiece during 
machining. The results of FE models were finally compared in order to highlight the differences in both models and differences in burr, chip 
formations and cutting forces. 
 
2. 3D Finite element modeling 
A 3D micro end-milling model for Al6082-T6 alloy is developed using an explicit time integration method and employing a Lagrangian finite 
element formulation to perform a coupled thermo-mechanical transient analysis. The AdvantEdge® FEM software (by Third Wave Systems) is 
used to construct FE model. FEM prediction can be strongly influenced by the specific software adopted and so its adequate selection is an important 
part to obtain reliable results [22] [23]. In the study, simulations are performed on a computing server equipped with a processor characterized by 
2.6 GHz and 16 cores, 64 GB RAM. 8 threads parallel simulation mode is used to speed up the calculation time of about six times. The calculation 
time was in the range between 30 and 90 hours depending on the considered cutting condition. 
The influence of tool geometry on the chip formation, cutting temperature, and tool wear was demonstrated in recent research works [24][25] 
[26]. In the present study, the micro end-mill is modeled in two different conditions. First, a CAD model is generated starting from the actual tool 
geometry (Table 3) measured prior to machining. Then, a second CAD model is generated after machining passes taking into account the adhered 
material which constitutes the cutting tool BUE. The actual characteristic of the tool was acquired by a Focus variation 3D optical measuring 
system (Alicona Infinite Focus©). A preliminary cutter cloud of points is generated and used to precisely describe the geometry of the tool. Fig. 1 
shows the 3D CAD models of actual tool geometry of the micro end-mill with and without BUE. The cutting tool angles significantly affect the 
  
machining processes, and by forming the BUE on the cutting edges, the active part of the cutting edge increases. It is mainly influenced the rake 
face angle, flute angle, relief angle, cutting edge radius (re ) and corner radius (rε) as shown in Fig. 1(b). The tool with BUE is modeled according 
to the tool used in the experiment (Fig. 4(c)). Energy dispersive X-Ray (EDX) analyses were carried out on the various points of the tool tip in 
order to declare the adhered material was Al6082. Only a small portion of the tool tip is simulated in order to decrease simulation time. 
Fig. 2 shows the setup, boundary conditions and general geometry of the 3D FEM simulation in both full slot micro end-milling and contour 
up milling. The workpiece boundary nodes are fixed in XY and Z bottom directions and the tool is constrained in Z top direction. Feed is applied 



























Fig. 1: 3D CAD models of (a) actual tool geometry (b) tool with BUE 
 
Tool and workpiece are kept at their ideal dimensions during the simulation to maintain steady state cutting conditions and save simulation time. 
The cutting tool is considered as a rigid body and workpiece is considered constituted by viscoplastic material. The meshing method includes a set 
of boundary, dimensional, parametric and adaptive criteria [27]. 
Tool and workpiece are remeshed with the 4-node tetrahedral element types available in the software. The details of the meshing parameters 
are summarized in Table 1. The parameters are selected after preliminary evaluation tests performed in previous studies [14] [23]. A higher mesh 
density is considered in the area where chip is expected to form, i.e. near the cutting zone and tool cutting edge radius (Fig.1 (a)), in order to 
increase the accuracy of computed outputs. Adaptive remeshing is applied in order to avoid the inaccuracies due to elemental distortion, inherent 
to the Lagragian formulation. The mesh quality is constantly monitored during the simulations and when the element distortion reaches a certain 
tolerance, adaptive remeshing is triggered. In addition to remeshing, refinement and coarsening operators are applied in various parts of the mesh. 
The mesh is refined where the plastic deformation is active and coarsened in inactive regions [28]. The adaptive remeshing parameter for minimum 
element edge length of the chip bulk is set to 3 µm and the minimum element on the cutter is set to 2 µm. 
The friction phenomenon at the chip-tool interface is modeled using the Coulomb friction, as shown in Eq. (1). The frictional stresses ߬ on the 
tool rake face are assumed to be proportional to the normal stresses ߪ௡  with a coefficient of friction ߤ. According to Özel [29] the sliding friction 
can be dominant during the low cutting speed machining and the sticking friction is dominant during the high-speed machining. In micro milling 
although, using high rotational speed but due to the small diameter of the tool, the cutting speed stay lower than in the macro scale milling process 
(in this study a cutting speed 31 m/min was employed). Consequently, the Coulomb sliding friction model is effective in the micro milling process. 
A constant value of friction coefficient used is assigned in this study, as µ = 0.7. This value is selected basing on previous experimental identification 



























































Al6082-T6 and Al6061-T6 are two popular aluminum alloys where sometimes replacing each other in the industrial practice due to the similar 
characteristics. 
߬ ൌ ߤߪ௡  (1) 
 
 
Table 1: Meshing parameters  
 
  Full slot micro end-milling Contour up milling 


















Material assumption Viscoplastic Rigid Viscoplastic Rigid 
Element type 4 nodes tetrahedral elements 
No. of elements 60916 56648 27870 58205 
No. of nodes 11500 14785 5458 15042 

















Material assumption Viscoplastic Rigid Viscoplastic Rigid 
Element type 4 nodes tetrahedral elements 
No. of initial elements 88203 58797 49393 59540 
No. of initial nodes 16547 15093 8114 15250 
Element size (Max-Min) 2–0.01 mm 1–0.001 mm 2–0.01 mm 1–0.001 mm 
 
On the other side, the workpiece is modeled by using the Johnson-Cook (JC) constitutive equation (Eq. 2) [31]. The model is a strain rate and 
temperature dependent visco-plastic material model, widely accepted in the machining simulation field.  
 
ߪ ൌ ሺA ൅ B	ሺεሻ୬ሻ ቂ1 ൅ C ln ቀ ఌ∙க∙బቁቃ ቂ1 െ ሺ
்ି்ೌ
೘்ି்ೌ ሻ
௠ቃ  (2) 
  
Where ߪ is material flow stress, ε is plastic strain, ߝ∙ is the strain rate, ε∙଴ is reference strain rate. ܶ is material temperature, ௠ܶ is the melting 
point and ௔ܶ is the room temperature. The JC constants are as follows: A is the yield stress, B is the pre exponential factor, C  
is the strain rate factor, n is the work hardening exponent and m is the thermal softening exponent. The constants used in the 3D FE model for 
Al6082-T6 are listed in Table 2 and the physical properties are presented in Table 2. The constants (B, C, M, Tm) adopted from [32] and constants 
(A and n) are modified base on the inverse method analyses on experimental cutting forces conducted in [33]. 
 
3. Experimental procedure 
Micro milling operations are performed on a Kern EVO ultra precision 5-axis machining center with nominal positioning tolerance = ±1 μm, 
precision on the workpiece = ±2 μm, as declared by the manufacturer. The machine tool and experimental setup are illustrated in Fig. 3. The cutting 
tool selected was a micro flat end mill Dormer S150.05 with surface treatment of TiAlN-X (Titanium Aluminum Nitride Extreme). Table 3 shows 
the characteristics of the actual tool geometry and tool affected by BUE. The tools are inspected and measured by a 3D optical measuring system 
(Alicona Infinite Focus©) prior to the machining (measurement parameters: 10x magnification, exposure time = 1.206 ms, contrast = 1, coaxial 






Table 2: Material properties and the JC model constants for Al6082- T6 
Property    
Young’s modulus E  (GPa) 70 
Poisson ratio v ------ 0.33 
Density ρ  (g/cm2) 2.70 
Thermal conductivity K (W/m ̊K) 180 
Specific heat Cp  (J/Kg ̊C) 700 
Thermal expansion coefficient (°C) 24x10-6 
Material constants for the JC model   
A  (MPa) 214.25 
B (MPa) 327.7 
C  0.00742 
M  1.3 
N  0.504 
Tm ( ̊C) 582 
Ta ( ̊C) 21 
 
The cutting tool tips are inspected and measured prior to the machining and the tools with minimal geometrical deviation and defect are selected 
for the experiments. Micro end-mill are held in tool holders KERN/SCHAUBLIN HSK32 and a precise SCHAUBLIN collet type D14 (74-14000) 
is used in order reduce the clamping error and the overall tool run-out. The series of micro milling experiments on Al6082-T6 are carried out in 
different cutting conditions as shown in Table 3. The experimental plan was considered as a 22 full factorial design of experiments. Four cutting 
conditions replicated four times. The cutting parameters, in particular the two different feed per tooth (fz), and the radial depth of cut (ae) are selected 
in order to limit the contact area around the cutting edge radius to include the unavoidable minimum chip thickness effect. The up milling approach 
is selected to maximize the same effect. Each cutting condition is replicated four times to guarantee statistical consistency, hence the whole 
experimental design consisted of 16 tests. The same mill is used to carry out the entire experiments. The machining surfaces are prepared rigorously 
prior to the final tests in order to have perfect condition in dry micro milling. Fig. 4 shows SEM picture of the fresh and used tool with different 
machining lengths in the experiments with cutting edge magnification. Additionally Energy-dispersive X-ray spectroscopy (EDX) analysis carried 
out in order to find out the particular elements on the cutting edge. The inspection field within which the EDX data were collected by rastering the 
incident electron beam to produce the spectrum is shown in Fig. 4 magnified images and marked with green A. The tabulated results provide main 
detected elements in the inspection field in units of weight percent. The micro slots were acquired by SEM and 3D optical microscope (Alicona 
Infinite Focus with measurement parameters: 10x magnification, exposure time = 110 ms, contrast = 1, coaxial light, estimated vertical and lateral 
resolutions = 3.6 μm and 2.4 μm). Concerning the burr shape and height different measurements of the slot are taken with various axial steps as 
shown in Fig. 5. 
The workpiece in a cylindrical form is fixed on a miniature piezoelectric three axial dynamometer Kistler 9317B which cutting force signal 
have been measured (measuring range: Fx, Fy=± 1 kN, Fz=± 2 kN; linearity error ≤ 0.5 % FSO, Full Scale Output) amplified by three Kistler 5015A 
charge amplifiers (Fig. 3(b)). A low-pass filter at 20 KHz is applied directly on the charge amplifiers in order to avoid aliasing. The acquisition 
length is one second for each milling step. Due to the low resonance frequency of the fixturing and force measurement system, cutting force 
measurements results were affected by vibrations. Thus, in order to accurately measure the micro milling forces an inverse dynamic model is 
adopted as compensation method. Model parameters of the dynamometer (with the workpiece used in tests installed on it) are identified by 






































Fig. 3(a): Setup for micro milling tests (b) workpiece and machining area 
 





Tool manufacturer Dormer 
Code S150.05 
Tool material Carbide 
Surface treatment TiAlN-X 
Flute number 2 
Diameter 493 µm 496 µm 
Edge radius 3.0 µm 4.7 µm 
Helix angle 27° 30° 
Rake angle 0° -2° 






Depth of cut (ap) µm 50 
Width of cut (ae) µm 167, 500 
Feed per tooth (fz) µm/(tooth·rev) 4, 8 
Cutting speed (vc) m/min 31.4 
Rotation speed (n) Rpm 20000 







4. Results and discussion  
In this section, a comparison between FEM with actual tool geometry, tool affected by BUE and experimental results is performed to enhance 
the understanding of the chip and burr formation. Full slot and contouring micro end-milling simulations are carried out for booth teeth engagements 
360° tool rotation.  
 
4.1 Chip formation 
Fig. 6 shows comparison of chips obtained in numerical results with actual tool geometry and tool affected by BUE in full slot micro end-
milling and contour up milling, respectively. The result of the chip formation presents varies chip shape in the same angular engagement. The BUE 
altered the geometry of the tool, consequently the material removal and chip formation changed. The bigger cutting edge radius (re), corner radius 
(rε) and negative rake angle (α) involved in the cutting and then ploughing become dominant. The importance of the cutting edge geometry effect 
on micro milling process is confirmed by previous studies. In particular, they studied its impact on: cutting forces [34], ratio of undeformed chip 

























































Fig. 5: Characterization of the micro slot burr height and geometry 
 
The simulation results show for the tool affected by BUE unequal chip load and formation were obtained in the engagements. Fig. 7 illustrates 
the simulated chip morphology at the end of cut and compared with experimental chips in different cutting conditions. The simulated chips with 
the tool affected by BUE have different form and shape. Some additional workpiece material particles on the shape of the chips profile were 
observed in comparison to the chip shape simulated with actual tool geometry in all cutting conditions. However, it was more visible in the full 
micro end milling approach due to the more tool and workpiece interface engagement. This variation of the chips might be due to the blunt edges 
of the cutting tool that causes the ploughing effect in cutting process and chip formation. Additionally, due to the dissimilar cutting edge geometry 
in the first engagement greater material is removed. However, in the second engagement smaller portion of workpiece removed in comparison to 
the previous one. 
 
4.2 Burr formation 
The simulation results of the top burr are shown in Fig. 8, where top burr is formed on the top of the micro slot workpiece surface in full slot 
micro end-milling and contour up milling. In the cutting process, not all the deformed material forms the removed chip because part of it is 
transformed in burr formation. The influence of the tool affect by BUE on the burr generation is noticeable and creates larger burrs, as shown in 
Fig. 8 (b) in both full slot micro end-milling and contour up milling. It can be also noted that after the second tooth engagement the chip is not 
completely shaped and pushes the top burr area of the workpiece to form, without being detached. This phenomenon is equivalent with the 
experimental results on the top burr formation, as shown in Fig. 8(c) and Fig. 8(d) full slot milling. However, in the simulations that take into 
account the actual tool geometry, but not BUE, the chips are generated in both teeth engagements and leave the surface Fig. 8 (a). The results of 
the full slot milling process show that each side of the top burr generation is different (Fig. 8(b) and Fig. 8(c)). This occurs in full slot milling due 
to the different cutting approaches (up milling and down milling) in each side of the slot.  
In the contour up milling the effect of BUE on the cutting is also visible (Fig. 8 (b)) and larger burrs are generated. However, in comparison to 
contour up milling process, it can be observed that larger top burrs are generated in full slot machining. The burr height predicted by the model is 
compared against the experiments in Fig. 9 in all cutting conditions. The simulation standard error was calculated based on the first and second 
tool engagements burr formation measurements.    
Comparison of simulated burr height in full slot micro end-milling and contour up milling illustrated that, higher burr height was formed with the 
burr formation involves the tool affected by BUE than the fresh tool. It might be due to the blunt edges of the cutting tool, pushing more materials 
toward the workpiece than removing them, and causing higher burr on the machined wall, and worsen the surface finish of the machining. The 
highest burr height was observed at the severe cutting condition (ae = 500 μm and fz = 8 µm/(tooth·rev)). A comparable result with the experiments 




































Fig. 6: (a) Full slot micro end-milling (b) Contour up milling 3D chip formation and plastic strain distribution at different angular position at actual 
tool geometry and tool affected by BUE 
 
In addition to the experimental and simulation results, design of experiments (DOE) analysis was carried out to illustrate the parameters contribution. 
Fig. 10 shows the interaction and main effect plots. All the simulations can predict correctly the influence of ‘feed per tooth’ and ‘machining 
strategy’ on the burr height following the same trends as in the experiments (Fig. 10(a)). Simulations including BUE are closer to the 
experimental results than the simulations without taking into account BUE. Average deviations depending on simulation type are 5.8 µm 
without taking into account BUE 2.6 µm taking into account BUE (Fig. 10(d)). Average % deviations depending on simulation type are 
19.9% µm without taking into account BUE formulas 7.3% µm taking into account BUE (Fig. 10(c)). Simulations are performing equally 
in terms of accuracy with respect to experimental results of burr height when simulating 4 or 8 µm/(tooth·rev) feed per tooth. In the range 
of 5-6 µm burr height deviation without taking into account BUE and in the range of 2-3 µm burr height deviation taking into account 
BUE. It was observed that simulations were less accurate with respect to experimental results of burr height when simulating full slot 
milling rather than simulating contour up milling. Without taking into account BUE: full slot milling = 9 µm burr height deviation and 
contour up milling = 3 µm burr height deviation however, by taking into account BUE: full slot milling = 5 µm burr height deviation and 
contour up milling = 1 µm burr height deviation (Fig. 10(b)). 
 
4.3 Cutting forces  
The comparison between simulated and experimental cutting forces is showed in Fig. 11 which depicts the three force components Fx, Fy, and 
Fz obtained for three rotations of cutting tool in full slot micro end-milling process. The comparison between simulated results of actual tool 
geometry and the one affected by BUE reveals dissimilar curve shapes and magnitude for different forces components. In the predicted forces with 
the actual tool geometry Fig. 11(a), similar trends are obtained in various teeth engagements. However, in another simulation influenced by the 
BUE, as showed in Fig. 11(b), different cutting force profile for each tooth engagement are produced. The cutting forces components increase in 
the first tooth engagement and decrease in the second one due to the effect of the BUE on the cutting edge roundness and geometry. Due to the 
small diameter of micro end-mill, the increase of the cutting force in one tooth engagements can increase the risks of developing tool breakage and 
damages of the machined area. Comparable experimental results in terms of curve shapes, Fig. 11(c), are obtained with FE simulated forces affected 













































































































Fig. 8: Full slot micro end-milling and contour up milling burr formation at fz = 8 µm/(tooth·rev) (a) actual tool geometry (b) tool affected by BUE 

































Fig. 10 (a) interaction plot burr height [μm] (b) interaction plot mean of burr height [%] (c) main effects plot burr height [μm] (d) main effects plot 























































Fig. 11: Cutting forces comparison for full slot micro end-milling at fz = 8 µm/(tooth·rev) 
 
5. Conclusion 
In this study, a 3D finite element simulation model of micro end-milling process of Al6082-T6 is developed. The 3D FE model shows the 
behavior of tools affected by built-up edge and consequent modified edge geometry, on the chip formation, burr generation and cutting forces. The 
FE prediction results obtained with the tool affected by BUE are compared against the FE simulations with actual tool geometry and micro end-
milling experimental results. In terms of chip formation, different chip shapes are obtained in simulations with the same cutting conditions. 
Simulations confirm that the presence of BUE generates unequal chip load among different tooth engagements and different material removal from 
the workpiece. The simulation results of burr formation show that the BUE has a significant influence on the top burr height generation. In terms 
of cutting forces, the FE model affected by the BUE indicates dissimilar cutting forces in different engagements that were comparable by the 
experimentally measured cutting forces. 
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